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Serial micropuncture analysis of single nephron function in subtotal
renal ablation. We developed a series of methodology to analyze
function-structure relationship at single nephron level in animal models
of chronic renal disease. Micropuncture measurements were repeated
to measure single nephron GFR (SNGFR) and glomerular capillary
hydraulic pressure (P0) in the same nephrons. and subsequently
examine the morphology of these glomeruli by serial section histologi-
cal analysis. Using this approach, a potential causal link between early
functional pattern and late structural abnormalities was examined in
glomeruli of 10 Munich-Wistar rats up to six weeks after surgical
removal of 5/6 total renal mass. After two weeks all SNGFR and P0c
values increased uniformly but to varying degrees within each remnant
kidney. Thereafter, values for SNGFR were highly variable, many
declining while others increased in the same kidney. PGC showed an
initial increase with subsequent decrease by four to six weeks. Serial
section histological analysis of these same glomeruli revealed that the
extent of glomerular sclerosis positively correlated with the functional
deterioration, that is, the degree of reduction in SNGFR (P < 0.01).
However, the degree of sclerosis had no tendency to correlate with the
levels of SNGFR or P6c recorded in early stage. These studies indicate
that pathophysiologic mechanisms other than, or in addition to, early
hyperfunction are involved in determining the extent of glomerular
structural damage in this model of chronic renal failure.
Chronic renal diseases of humans and animal models are
often characterized by being relentlessly progressive in nature
[1—3]. The renal histology demonstrates marked nephron-to-
nephron heterogeneity 13, 4]. Based on these findings, a hypoth-
esis has recently been formulated to explain the pathophysiol-
ogy of these diseases [5—7]. Namely, as shown in Figure I.
various initial pathogenic insults may reduce the number of
functioning glomeruli (Step I), which leads to functional alter-
ations such as increases in glomerular filtration and pressure in
surviving intact nephrons (Step 2). These alterations are thought
to be self-inflicting in nature and lead to deterioration of the
structure of these nephrons (Step 3), leading to further reduc-
tion in the functioning nephron population (Step 4). The result-
ant autonomous sequence is expected to eventually lead to
destruction of all nephrons (Step 5). Of interest, subtotal
nephrectomy, which experimentally simulates this hypothetical
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reduction in nephron population (Step I') leads to destruction of
remnant nephrons with a histological picture resembling the end
stage kidneys (Step 5') [3—8]. In addition, alterations in several
functions are noted soon after the nephrectomy in the remnant
nephrons (Step 2'), including increases in glomerular filtration
rate and glomerular capillary pressure [3. 9—12]. Since a few
experimental maneuvers have been shown to modify both the
magnitude of alteration in early functional pattern and the
degree of late structural changes [10, 13, 14], these functional
changes are currently considered a key step for the develop-
ment of subsequent histological damage.
In the present study, we attempted to verify the three crucial
but previously untested pathophysiologic steps comprising this
theory: whether the alteration in functional features is indeed
self-inflictive (Step 3), whether the resulting structural damage
indeed leads to loss of nephron function (Step 4), and thirdly,
whether this loss of function in some nephrons further aug-
ments function in others (Step 2).
Verification of the existence of these three steps requires
serial analysis of glomerular function and histological examina-
tion of the same single nephron. Since conventional methodol-
ogy, such as whole kidney clearance measurements, does not
allow us to address these questions, we have developed several
key methods to accomplish this goal. Of note, Munich-Wistar
rats are uniquely endowed with glomeruli located on the surface
of the kidney. This not only permits direct assessment of
glomerular capillary pressure and collection of ultrafiltrate, but
also serves as topographical markers during serial micropunc-
ture assessment of the same nephrons. Also, specific glomeruli
located on the surface of the renal cortex are readily identifiable
during subsequent histological examination. In our study de-
scribed below, early patterns of glomerular pressure and filtra-
tion rate were correlated with the late histological patterns of
the same remnant nephrons.
Methods
General
All experiments were performed in adult male Munich-Wistar
rats weighing 204 to 248 grams. Ten rats underwent subtotal
nephrectomy. Six non-nephrectomized rats served as controls.
All animals were allowed free access to regular rat chow and tap
water throughout experiments except for the --l5 hours imme-
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Fig. 2. Sche,naric presentation of the experimental protocol for the
serial inicropuncture study.
diatcly before each micropuncture measurement when the
animals were given access to water only. Blood samples were
taken periodically from tail veins during awake status to mea-
sure BUN. Systolic arterial pressure (SAP) was measured
periodically by the tail cuff method [15] in awake animals, as
well as in the anesthetized immediately prior to, and following,
micropuncture studies. During the procedures of mapping of
surface glomeruli, subtotal nephrectomy or micropuncture as-
sessment specified below, animals were anesthetized with so-
dium pentobarbital (Nembutal; Abbott Laboratories, North
Chicago, Illinois, USA; 25—30 mg/kg body wt, i.p.) with the
exception of the final micropuncture study, and placed on a
temperature-regulated table. All surgical tools were sterilized
with 70% ethyl alcohol. On the first day of experiment, mapping
of surface glomeruli, the first micropuncture measurement and
subtotal nephrectomy were performed in this sequence using
the methods described below (Fig. 2). After the procedures
described above, except at the completion of the final micro-
puncture assessment, the abdominal incision was closed with
3-0 silk (Ethicon, Inc., Somerville, New Jersey, USA), and
Penicillin G (Wyeth Laboratories Inc., Philadelphia, Pennsyl-
vania, USA; 10,000 units) was injected subcutaneously. When
animals were recovered from anesthesia, they were returned to
cages. Micropuncture measurements for the determination of
single nephron GFR (SNGFR), glomerular capillary hydraulic
pressure (PGC) and Bowman's space hydraulic pressure (PBS)
were repeated 2, 4 and 6 weeks later on the same nephrons in
seven animals. In addition, a separate group of three animals
was micropunctured at 1, 2, 3, 4 and 6 weeks to ascertain the
time course of only PGC. At six weeks, after animals were
anesthetized with mactin (Byk, FRG; 100 mg/kg body wt, i.p.),
micropuncture assessment and mean systemic arterial pressure
(MAP) measurement from left femoral artery were followed by
marking of glomeruli (specified below), and animals were sac-
rificed for histological studies.
Subtotal nephrectoiny
Subtotal nephrectomy was performed by right nephrectomy
and ligation of two or three main branches of the left renal
artery by silk ligature to leave approximately 1/6 to 1/8 total
kidney tissue mass.
Mapping of surface glomeruli
In order to perform serial micropuncture assessment on the
same nephron at two-week intervals, geographical locations of
surface glomeruli and the earliest segments of proximal convo-
lutions immediately downstream were recorded in the following
manner: Five to eight pairs of surface glomeruli and the earliest
segment of proximal tubules originating from these glomeruli
were identified by injecting, (with a pipette of —4 im outer tip
diameter) with modest pressure, a small quantity of 0.1%
lissamine green into proximal convolutions in the vicinity of
surface glomeruli. If the first injection of lissamine green failed
to reach Bowman's space in a retrograde manner, a second (and
third, if necessary) injection was performed from the most
proximal portion of the tubule identified by the previous green
dye injection. If the proximal tubules did not have the earliest
segment on the surface to allow the subsequent micropuncture
collections of fluid, the nephrons were not included in the study
for SNGFR determination. To record the location of surface
glomerulus-earliest proximal tubule pairs, photographs were
taken on color film (Polaroid Polacolor ER Type 559, Polaroid
Corporation, Cambridge, Massachusetts, USA) through a stereo-
microscope (Stereoscopic Microscope SMZ-l0, Nippon Kogaku
K.K., Tokyo, Japan) adapted with a photomicrographic system
(Microflex UFX-2, Nippon Kogaku K.K.) attached to Polaroid
camera (Polaroid 4x5 Land Pack Film Holder #550, Polaroid
Corp.). On these pictures surface glomeruli were readily iden-
tifiable as small pink-red dots (Fig. 3). In addition, the contour
of the tubules adjacent to each surface glomeruli was outlined in
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Fig. 1. Processes involved in chronic renal failure. The sequence of
events currently hypothesized to be involved in the progression is
depicted by open arrows. Closed arrows indicate the events known to
occur following nephrectomy (NPX).
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Fig. 3. Polaroid picture of the kidney surface of an experimental Munich-Wisiar rat. Surface glomeruli which would later be subjected to
micropuncture study are marked by arrows and numbered on the photo print. Reproduction of Figure 3 incolorwas made possible by Merck Sharp
and Dohme. Research Laboratories, West Point, Pennsylvania, USA.
a notebook to assist in the identification of surface glomeruli
during the subsequent micropuncture measurements.
Serial micropuncture measurements
Precisely timed (Ito 2 mm) samples of fluid were collected
from surface earliest segment of proximal tubules previously
identified for determination of earliest proximal fluid flow rate
(EtPFR), hence single nephron GFR (SNGFR). As described in
the section of Validation of serial micropuncture methodology
below, EtPFR was shown to represent SNGFR faithfully. For
the purpose of this timed fluid collection, mineral oil stained
with Sudan black was injected from the earliest proximal tubule
with a collection micropipette (with outer tip diameter of 4 8
p.m) to fill approximately 3 5 diameter length of the tubule
lumen. Fluid was collected with the minimum degree of suction
required to prevent the oil block from flowing downstream.
Glomerular capillary (PGC) and Bowman's space (PBS) hy-
draulic pressures were measured with a continuous recording,
servo-nulling pressure system (model 4A, Instrumentation for
Physiology and Medicine, San Diego, California, USA). For
these measurements, a micropipette with outer tip diameter of
—2 jim and containing 2.0 M NaCI was advanced directly into
Bowman's space and the glomerular capillary network. If a
steady pressure tracing was not obtained on the first or second
attempt, the glomerulus was discarded from the study. Hydrau-
lie output from the servo-null system was coupled electronically
to a channel of the direct-writing recorder (Recorder 2400S,
Gould Inc., Cleveland, Ohio, USA) by means of a pressure
transducer.
In serial micropuncture measurements, unless specified be-
low, PGC and P5 were measured only in nephrons from which
samples of proximal fluid were not obtained. On average, 4.3
and 4.0 glomeruli per kidney were subjected to SNGFR and
PGC/PBS measurements, respectively. All the micropuncture
measurements were made on rats in a hydropenic condition,
except that, in some rats for validation of serial micropuncture
methodology, measurements were made both in hydropenia
and after restoration of euvolemic status on the final day of
study.
Marking ofsurface glomeruli
After the final micropuncture measurements, a small volume
of dye (The Davidson Marking System, Bradley Products, Inc.,
Bloomington, Minnesota, USA) was injected into the subcap-
sular space just above, and/or into Bowman's space of the
surface glomeruli on which micropuncture measurements were
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performed, to identify them during subsequent histological
study.
Histological study
Histological studies were performed using light microscopy
at the completion of serial micropuncture measurements by a
pathologist (A.F.) in a blind fashion. After marking of surface
glomeruli as described above, kidneys were removed and fixed
in 10% neutral buffered formalin. The location of each specific
glomerulus subjected to micropuncture was readily identified
by the dye spot injected prior to harvesting the kidney. Serial
sections with 3 m thickness were made and stained with
periodic acid-Schiff. A semiquantitative score (sclerosis index)
was used to evaluate the degree of glomerular sclerosis in these
glomeruli, using the method of Raij, Azar and Keane [16]. A
minimum of ten sections displaying even distribution through-
out each glomerulus was examined, and severity of sclerosis
was graded from 0 to 4+ for each section. Thus, I + lesion
represented involvement of up to 25% of glomerulus, while 4+
represented sclerosis of 75 to 100% of glomerulus. A single
score was then obtained for each glomerulus by averaging the
scores from these multiple sections, In addition, the degree of
glomerular sclerosis was determined for the whole kidney,
using the above-described semiquantitative scoring scale. A
single score was obtained for each kidney by averaging the
scores determined from a minimum of 50 glomeruli on a single
thin section specimen.
Validation of serial micropuncture methodology
To examine the validity of the serial micropuncture method-
ology three specific issues were tested experimentally. These
are: 1) whether micropuncture per se has injurious effects on
glomeruli; 2) whether EtPFR faithfully represents SNGFR; and
3) whether hemodynamic data obtained in hydropenia correlate
with those in euvolemia. For these purposes, in addition to six
normal control rats and 10 subtotally nephrectomized rats
which were subjected to serial micropuncture assessment, two
normal rats, four uninephrectomized rats and four subtotally
nephrectomized rats were used. To examine the first issue,
glomerular sclerosis index, values of albumin filtration rate,
SNGFR and GC were measured in previously micropunctured
nephrons and compared with those of untouched nephrons
within a given kidney of normal control rats. In addition, in the
remnant kidney of subtotally nephrectomized rats, sclerosis
indices of all micropunctured nephrons were averaged and
compared to the whole kidney sclerosis index obtained from the
same kidney. To verify the second issue, values for EtPFR
were compared with the SNGFR values determined by mid-late
proximal fluid collection in the same nephron of normal, uni-
nephrectomized and subtotally nephrectomized rats. For this
SNGFR determination, inulin was used as a GFR marker as
described elsewhere [17]. The earliest and mid-late proximal
tubule segments belonging to the same nephron were identified
by observing the movement of lissamine green dye, which was
injected into the early proximal tubule as described for glomer-
ular mapping. Also, reproducibility of EtPFR and SNGFR
determined by mid-late proximal fluid collection was tested. To
verify the third issue, values for SNGFR and POC were com-
pared in hydropenia and euvolemia in the same nephrons of
subtotally nephrectomized rats. To achieve a euvolemic condi-
tion homologous rat plasma was infused, using the protocol
described in detail previously [18].
Analytic
BUN was measured using a BUN analyzer (BUN ANA-
LYZER II, Beckman Instruments, Inc., Fullerton, California,
USA). Inulin concentration in plasma was determined by the
macroanthrone method of Führ, Kazmarczyk and Kruttgen
[19]. The volume of fluid collected from individual proximal
tubules by micropuncture was estimated from the length of fluid
column in a constant-bore capillary tube of known internal
diameter. The concentration of inulin in tubule fluid was mea-
sured by the microfluorometric method of Vurek and Pegram
[20]. The concentration of albumin in tubule fluid of earliest
proximal tubules was determined by modified enzyme-linked
immunosorbent assay [21].
Statistical analysis
Results are expressed as mean I S. Comparisons between
two groups were made using unpaired (-test. Linear regression
analysis was employed to examine the correlation between the
sclerosis index and hemodynamic parameters. The results were
deemed statistically significant when the P value was <0.05.
Results
Validation of serial micropunclure methodology
1. Effect of micropuncture on glomerular structure and
function. Histological sections from eight previously micropunc-
tured glomeruli and 12 micropunctured tubules in five normal
animals were studied by light microscopy and revealed absence
of adhesions or any other discernible structural abnormalities.
The sclerosis index from these micropunctured nephrons was
identical to the whole kidney sclerosis index of untouched
glomeruli (0.02 0.01 vs. 0.03 0.01, respectively). Albumin
filtration rate determined on 11 previously micropunctured
nephrons averaged 0.9 0.2 nglmin, a value identical to that
obtained in seven untouched nephrons of the same four normal
animals (0.9 0.2 nglmin; Fig. 4A). Likewise, SNGFR deter-
mined on these previously micropunctured nephrons averaged
23.0 1.2 nI/mm, a value essentially identical to that obtained
in untouched nephrons (23.0 2.4 nI/mm) of the same normal
control animals (Fig. 4B). Average values for POC obtained in
micropuncturcd and untouched glomeruli of the same normal
rats were also compared. These values were again essentially
the same, that is, 46.7 1.3 mm Hg vs. 45.7 1.6, respec-
tively.
Figure 4C compares average sclerosis index values from
several previously micropunctured nephrons (4 to 12 glomeruli
per kidney; Y axis) to those of untouched nephrons (56 to 220
glomeruli per kidney; X axis) determined on the same remnant
kidneys of subtotally nephrectomized animals. Each data point
represents a single subtotally nephrectomized rat. Although
data points deviate from the line of identity considerably, due
presumably to the relatiiely small number of micropunctured
glomeruli examined for each rat, these points are evenly dis-
tributed around the line, indicating that the glomerular micro-
puncture procedure per se does not affect sclerosis index in the
remnant glomeruli of subtotally nephrectomized rats.
Fig. 4. Single nephron albumin filtration rate (A) (N = 4
rats) and SNGFR (B) (N 5 rats) in micropunctured and
untouched nephrons obtained from normal control rats.
Open circle indicates data from glomeruli whose earliest
proximal tubules were previously micropunctured. Closed
circle indicates data from glomeruli whose glomerular
capillary were previously micropunctured. Horizontal bars
indicate mean values. Relationship between average
sclerosis index values from previously micropunctured
nephrons and whole kidney sclerosis index (untouched
nephrons) obtained from 10 subtotally nephrectomized rats
(C).
2. EtPFR as an estimate for SNGFR. Each data point in
Figure 5A represents the value for SNGFR determined by
timed fluid collections from the earliest proximal and the
mid-late proximal tubular segments of the same single nephron.
As shown, data points are not only evenly distributed but also
clustered around the line of identity except for a few data points
from hyperfiltration states. Timed collection and recollection of
fluid from the earliest proximal tubules revealed that values of
EtPFR are highly reproducible even when hyperfiltration is
striking (Fig. 5B). As shown in Figure 5C, data obtained with
the use of extreme to modest suction collection of fluid from
mid-late proximal tubules was compared with those by gentle
suction (with minimum negative pressure required to maintain
mobile oil block distally). In the same nephrons, the former
tended to be higher to variable degrees than the latter, In
nephrons with filtration rate equal to or less than those typically
seen in nephrons of euvolemic rats (35 nI/mm) the two values
were essentially identical (Fig. 5C). However, in virtually
almost all nephrons with filtration rate greater than '=40 nI/mm,
the former was found to be higher than the latter. Moreover, the
discrepancy tended to be more marked in nephrons with greater
degree of hyperfiltration in both absolute and proportional
terms. These findings indicate that EtPFR more accurately
estimates SNGFR, and therefore in the remaining sections,
values for EtPFR will be used to indicate true SNGFR values
unless otherwise specified.
3. Study in hydropenia. Figure 6A depicts SNGFR values
determined in 12 individual nephrons (4 subtotally nephrecto-
mized rats) during both hydropenia and euvolemia. Thus, in
each nephron studied, the value for SNGFR during hydropenia
was uniformly lower than that during euvolemia by 27.9% to
82.7% of euvolemic value. Nevertheless, within a given kidney
the order of the rank of SNGFR remained unaffected. That is,
the nephron with highest SNGFR value in hydropenia also had
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the highest value during euvolemia. Values for glomerular subsequent pertinent time intervals are shown in Table 1. Also
capillary hydraulic pressure, PGC, were also assessed during shown in Table I are values for MAP and whole kidney
both hydropenia (Y axis) and euvolemia (X axis) for the same sclerosis index assessed at the time of sacrifice. Body weight
nephrons, and the results are given in Figure fiB. Data points measured on the first day before subtotal nephrectomy was
representing values for both hydropenia and euvolcmia clus- essentially identical for both subtotally nephrectomized and
tered around the line of identity, indicating that, in contrast to control rats, averaging 229 4 g and 228 6g. respectively. At
the values for SNGFR, GC values remained unchanged from two weeks, body weight of subtotally nephrectomized rats
hydropenic to euvolemic condition. decreased on average by approximately 15%. Thereafter, their
.
Lxperimental animals
body weight increased; however, the values remained signifi-
cantly and substantially lower than those of control rats, which
I. Animal and whole kidney data. Mean values for body showed some 30% weight gain by six weeks. Systolic arterial
weight, SAP and BUN measured at the onset of study and at pressure, SAP, was comparable in nephrectomized and control
E
E
C
5,a00>I
Fig. 6. Relationship between SNGFR deter,nined under hydropenic vs. euvolemic condition in 4 subtotal/v nephrectomized rats (A). Data from the
same rat arc indicated by the same symbol. Relationship between measured under hydropenic vs. euvolemic condition in 7 subtotally
nephrectomized rats (B).
Table 1. Whole-animal data from subtotally nephrectomized and control rats
Weeks
Body weight
4 6
SAPC
0 2 0 2 4 6
g mm Hg
Subtotally nephrectomized rats (N =
Control rats (N = 6)U
P'
l0) 229
228
NS
4
6
198 7
230 6
<0.005
213 15
266 6
<0.001
244 6
295 15
<0.01
115
120
NS
5
1
139 5 174 10
123 3 119 3
<0.05 <0.001
177 9
123 7
<0.025
Values are expressed as mean I SE.
U The numbers of rats at 6 weeks are 8 in subtotally nephrectomized group and 3 in control group.
b Calculated from unpaired data vs. control by 1-test; NS, P > 0.05.
C The listed values of systemic blood pressure were obtained from anesthetized animals before each experiment. The values were essentially
identical to those of the same awake animals.
Table 1. Continued
BUN MAP Sclerosis index
0 2 4 6
mm Hg
at sacrifice
mgldl
—
19 2
—
49 3 50 3
18 I 20 1
<0.001 <0.001
58 8
17 5
<0.01
148 13
113 4
<0.05
0.35 0.09
0.03 0.01
<0.05
rats at the start of the study. Whereas the value remained
essentially unchanged throughout the six-week period in con-
trol rats, SAP increased progressively in nephrectomized rats to
a value -60 mm Hg higher than the starting value by six weeks.
Average BUN values measured in control rats at the onset of
study were 19 2 mg/dl and remained essentially constant
throughout the six-week study period. In subtotally nephrecto-
mized rats, BUN increased gradually but substantially above
control level and reached an average value of 58 mg/dl by six
weeks. Finally, mean whole kidney sclerosis index of subtotally
nephrectomized rats at the completion of study was 0.35, that
is, -9% of total kidney glomerular tissues was involved with
sclerosis.
2. Single nep/lron GFR and P. Data obtained by serial
micropuncture assessment of SNGFR in remnant nephrons of
subtotally nephrectomized rats at 0, 2, 4 and 6 weeks after
subtotal nephrectomy are shown in Figure 7. In Figure 7A, each
solid line denotes the time course of average SNGFR values
determined in one remnant kidney. In Figure 7B, each line
represents the time course of SNGFR assessed in each nephron
from one representative kidney. As shown, SNGFR increased
after subtotal nephrectomy in all kidneys (Fig. 7A) and all
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Fig. 7. Time course of SNGFR in 7 subtoial!v nepl,reciomized rats. In
(A), each solid line denotes the time course of average SNGFR values
obtained from each rat. Vertical bars indicate I SE. The time course of
SNGFR measured in control nephrons of non-nephrectomized rats at 0.
2, 4 and 6 weeks in 3 rats and 0, 2 and 4 weeks in 3 rats is given by an
open band (mean I SE). Values of SNGFR in control rats essentially
did not change throughout the duration of the study. This is in contrast
to the marked rat-to-rat variability of the experimental group as
indicated by the solid lines widely spread from top to bottom at 2, 4 and
6 weeks in the figure. Although not shown, the variability of values
within a given control rat was also remarkably small from period to
period; the standard errors of SNGFR of these control rats at 0. 2,4 and
6 weeks were, on average. 2.2, 2.1, 2.0 and 2.7, respectively. These
data from control animals confirm that the micropuncture, per se does
not affect the SNGFR value.' In panel (B), each line gives the time
course of SNGFR assessed in each nephron from one representative
kidney.
nephrons studied (Fig. 7B). As also seen in Figure 7A, standard
errors increased with time, that is, internephron heterogeneity
of SNGFR became marked after subtotal nephrcctomy. Thus,
the levels of peak SNGFR were variable among (Fig. 7A) and
within (Fig. 7B) animals. Mean maximum SNGFR value ranged
from 32 nI/mm in one rat to 45 nI/mm in another, and the
maximum SNGFR value within one of the remnant kidneys
ranged from 33 nI/mm in one nephron to 60 nI/mm in another.
After variable intervals, almost all SNGFR values were found
to decrease with the exception of two rats, in which average
SNGFR values were still increasing at six weeks. Although
SNGFR fell in the majority of nephrons, in a small number of
nephrons within a given kidney, SNGFR continued to rise (Fig.
7B).
Data from sequential PGC assessment in subtotally nephrec-
tomized rats are shown in Figure 8 in a fashion similar to that of
Figure 7. Values for GC increased following subtotal nephrec-
tomy in all kidneys and all nephrons studied. Since Bowman's
space pressure uniformly remained essentially unchanged
6 throughout the study, the time course of glomerular transcap-
illary hydraulic pressure difference exhibited a pattern identical
to that of pGC Similar to SNGFR, internephron variability in
also became marked in remnant nephrons with time. Thus,
peak PGC value was variable among animals (mean maximum
Pc,c values ranging 55 to 75 mm Hg) and within each remnant
kidney (maximum ranging 64 to 86 mm Hg in one of the remnant
kidneys). After variable time intervals, PGC decreased in almost
all glomeruli, including those which had been shown to have
only minor structural changes at the completion of the experi-
ment. In four animals, decrease in GC occurred in the face of
an increase in systemic blood pressure.
In a separate group of three rats we assessed P0' every week
for four weeks and at six weeks after subtotal nephrectomy, and
the results are shown in Figure 9. In these animals, peak GC
was measured at two weeks in almost all glomeruli with a few
glomeruli having peak GC at three or four weeks. Again, GC
values were variable among animals and within each remnant
kidney.
3. histology ofindividual glorneruli. In the following Results
section, histological findings from the individual glomeruli
previously subjected to functional analysis will be presented in
reference to the micropuncture data from the same glomeruli in
two fashions, that is, by correlating glomerular sclerosis index:
I) with the time-course patterns of SNGFR and P0 values prior
to the final histological analysis (Fig. 10); and 2) with the overall
changes in SNGFR and P0c values attained by the completion
of study (Fig. II). The data in Figures 10 and II include only
those values from the glomeruli in which serial micropuncture
was conducted every two weeks up to six weeks.
In Figure 10 values of sclerosis index are plotted against
maximum SNGFR (Fig. IOA) and maximum PGC (Fig. lOB) in
early stages (2 to 4 weeks). Thus, no correlation was found
between these variables. Likewise, although not shown, there
was no correlation between sclerosis index and the average
values of SNGFR and P; obtained in early stages after
nephrectomy. In these figures, a wide variability among rem-
'Even if the serial micropuncture per se does not affect the subse-
quently measured values of SNGFR or Pc;c. in normal rats, the
technique may dampen the abnormally high SNGFR and P(;( prevailing
in the remnant glomeruli. Since the number of surface glomeruli
suitable for micropuncture in subtotally nephrectomized rats is highly
limited, and since the values become highly heterogenous. a compari-
son of the values obtained from previously micropunctured glomeruli
and unpunctured glomeruli could not be made within the same kidney in
the current study. Nevertheless, the values obtained in the current
serial micropunclure study are comparable to those reported previously
by one-time micropuncture measurement at several stages of subtotal
nephrectomy 140). Thus, the PGC values even in previously un-
punctured nephrons of the subtotally nephrectomizcd rats showed a
tendency to decline beyond 2 weeks (average: 73.3 mm Hg at 2 weeks
vs. 62.0 at 4 weeks), and the absolute levels at 4 weeks (range: 48.0 to
84.0 mm Hg) were essentially within the same range as those of the
previously punctured glomeruli. Also, in another model using puromy-
cm aminonucleoside, SNGFR and P values obtained in previously
punctured and unpunctured nephrons of the same kidney were mea-
sured by us to he comparable 1281.
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is given by an open band (mean I SE). Values for POC in control rats
essentially did not change throughout the duration of the study. This is
in contrast to the marked rat-to-rat variability of the experimental group
as indicated by the solid lines widely spread from top to bottom at 2, 4
and 6 weeks in the figure. Although not shown, the variability of values
within a given control rat was also remarkably small from period to
period; the standard errors of P0 of these control rats at 0. 2, 4 and 6
weeks were, on average, 0.7, 1.0, 0.5 and 1.2. respectively. These data
from control animals confirm that the micropuncture, per se, does not
affect the P0 value.' In panel (B), each line gives the time course of
P0c assessed in each nephron from one representative kidney.
nant glomeruli is evident not only in peak SNGFR and GC, as
discussed above, but also in sclerosis index.
In contrast, a positive correlation was seen between the
functional and structural damages assessed at six weeks. In
Figure II overall SNGFR (Fig. I IA) and GC (Fig. 1 lB) changes
that occurred during the six-week postnephrectomy period are
given as percentages. Thus, SNGFR, for example, was
calculated for each remnant glomerulus as: (maximum SNGFR
value in early stage—SNGFR value at 6 weeks)/(maximum
SNGFR value in early stage). Therefore, if SNGFR was still
increasing at six weeks, SNGFR is considered as zero. As
shown in Figure 1 IA, a strong positive correlation was detected
between SNGFR and sclerosis index. Thus, higher sclerosis
index was found in nephrons which achieved a greater fall in
SNGFR. A positive correlation was also found between scle-
rosis index and P, although this tendency was short of
6
reaching statistical significance (Fig. I IB). Also, as shown in
Figure I1B, in 10 glomeruli from four remnant kidneys GC
decreased profoundly ( PGC: 9.4 to 33.3%) despite lack of
major sclerotic lesions (sclerosis index: 0 to 0.07).
Discussion
Validation of serial micropuncture methodology
During our efforts to establish a series of new experimental
approaches to examine a potential causal linkage between
glomerular function and its structure, it was felt most important
to acquire a methodology of functional analysis, which per se
does not bring about structural damage to the glomerulus. In the
early stage of our venture, we learned that sterilizing surgical
tools, refraining from direct manipulation of the kidney, and
postsurgical administration of antibiotics were all essential for
minimizing reactive thickening and vascularization of renal
capsules, which make repetitive micropuncture measurements
extremely difficult. When these procedures were combined with
the use of well-sharpened thin glass micropuncture pipettes and
avoidance of multiple insertions of the pipette into the glomer-
ular capillary network during GC determination and proximal
tubule for EtPFR measurement, we found no evidence of direct
influence of the micropuncture procedure on the glomerular
structure at the light microscopic level (Fig. 4C). Moreover,
studies demonstrated that our micropuncture procedure did not
affect the subsequent functional pattern of the micropunctured
nephrons, either (Figs. 4A, 4B, 7. 8).
Another obstacle we had to overcome was an accurate
determination of SNGFR in hyperfiltering glomeruli. Again, at
the early stage of the development of our methodology we
found in remnant kidneys that extensive large segments of their
dilated proximal tubules often collapsed immediately following
the initiation of micropuncture suction of fluid from random
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nephrectommzed rats (B). if the SNGFR values prior to subtotal
nephrectomy are taken as baseline values, the majority of the glomeruli
were still hyperfiltrating at 6 weeks. Thus, the degree of functional
compromise, which may have been caused by the sclerosis, appeared to
be best expressed by the magnitude of reduction in the functional
parameters from each gloinerulus' own peak value (i.e.. SNGFR andP).
into the pipette. As shown in Figure 5B, values of EtPFR were
highly reproducible even in the hyperfiltration state. It appeared
that, unlike the normal proximal tubules, the wall of enlarged
proximal tubules of remnant nephrons have a unique character-
istic allowing the micropuneture suction to readily empty their
large upstream segment, thereby causing overestimation of true
SNGFR value. To avoid a potential source of errors in SNGFR
0 r=0.78, P<0.01
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surface sites of proximal tubules. Our subsequent studies
further showed that, unlike non-hyperfiltering nephrons, SNGFR
estimation by mid-late proximal fluid collection combined with
use of inulin in remnant nephrons, has relatively poor repro-
ducibility. That is, the data obtained by extreme to modest
suction of fluid from mid-late proximal tubules was uniformly
higher than that by gentle suction (Fig. 5C). On the other hand,
it was impossible to aspirate tubule fluid from the earliest
proximal tubules by any method other than gentle suction,
otherwise mineral oil downstream would readily flow backward
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determination in remnant kidneys, we chose to perform timed
fluid collection from the earliest proximal tubules.
Note that "early proximal flow rate," or "EPFR," often
used by investigators as an indirect estimate of SNGFR is
measured in nephrons with non-surface glomeruli [22]. There-
fore, underestimation of SNGFR is inevitable due to the reab-
sorption of filtrate, which occurs after leaving the glomerulus
but before reaching the surface segment of the tubules. In
contrast, timed-fluid collection from the earlest proximal tu-
bules located on the surface is free from such underestimation.
As shown in Figure 5A, the earliest proximal flow rate, EtPFR,
thus determined in non-hyperfiltering nephrons gave us values
essentially identical to those obtained by mid-late proximal fluid
collections with gentle suction. Such a close resemblance
between the two SNGFR estimates is hardly surprising in view
of the fact that in many previous studies SNGFR values have
been determined in non-hyperfiltering nephrons of Munich-
Wistar rats [18] by collecting fluid from random proximal tubule
sites, which undoubtedly included very early proximal tubule
segments, and were remarkably comparable among determina-
tions. Nevertheless, EtPFR values tended to be lower than the
SNGFR estimates obtained by mid-late proximal collection for
the latter values greater than 55 nI/mm (Fig. 5A). Since there
is no method currently available proven to give accurate
SNGFR determination in these extremely hyperfiltering neph-
rons, the cause of this 10% discrepancy between the two
estimates remains uncertain. In view of the highly reproducible
results from EtPFR determination (Fig. SB), however, it is
conceivable that the discrepancy shown in Figure SA reflects
some excessive suction of fluid, which may be induced even by
gentle suction of mid-late proximal fluid from hyperfiltering
nephrons.
The third methodological obstacle we had faced in designing
the protocol was the requirement that the method of infusing
isooncotic plasma to restore euvolemic condition in anesthe-
tized, surgically-prepared rats [18] must be avoided in serial
micropuncture studies due to the unpredictable influence of a
large cumulative volume of plasma transfusion. In this regard,
as discussed in the Results section, comparable absolute values
in PGC and unchanged ranking of SNGFR values within a given
kidney were observed between hydropenic and euvolemic
conditions in the same animals during the final micropuncture
assessments. These findings warranted the exclusive use of the
hydropenic condition in our subsequent series of experiments
to examine the relationship between the structure and function
of remnant glomeruli.
Function vs. structure relationship in remnant glomeruli
Our studies in remnant glomeruli confirmed a number of
observations previously reported by others [3, 8, 10]. First,
SNGFR and Pc increased after subtotal nephrectomy in all
kidneys and all nephrons. Second, six weeks after subtotal
nephrectomy, remnant kidneys were shown to have variable
degrees of glomerular sclerosis. When whole kidney specimens
were examined histologically, a marked interglomerular heter-
ogeneity was noted in the degree of sclerosis on each thin
section. If glomerular sclerosis is highly segmental in nature
(localized lesion within a given glomerulus) such an apparent
interglomerular heterogeneity can be observed on whole kidney
thin sections without necessarily having focal (true glomerulus-
to-glomerulus heterogeneity) involvement. In this regard, our
approach to examine the entire capillary network body in
several glomeruli from a given remnant kidney revealed that the
sclerosis of remnant glomeruli is, indeed, focal as well as
segmental in nature.
In addition to this histological interglomerular heterogeneity,
the glomeruli examined six weeks after subtotal nephrectomy
were characterized by a marked variability among nephrons in
function as assessed by SNGFR and PGC measurements. This
marked interglomerular heterogeneity in both function and
structure gave us a unique opportunity to examine the degree
with which the early glomerular functional pattern may poten-
tially affect the development of glomerular structural damage in
the remnant kidney.
As discussed earlier, both SNGFR and PGC increased by two
weeks (Figs. 7 and 8). Their time course after two weeks was
highly variable among nephrons and kidneys: in some remnant
nephrons and kidneys SNGFR continued to rise. Although in
the majority of nephrons both SNGFR and GC remained at
levels above control at six weeks, there was an overall trend
that these two functional parameters decreased toward the end
of the six week period. In some nephrons SNGFR decreased
below the level typically seen in normal controls. The degree of
functional deterioration closely correlated with the structural
damages when examined at the time of sacrifice. It seems,
therefore, in all likelihood, that this tendency of SNGFR to
decrease toward the end of study reflects the structural damage
developing within those glomeruli. However, GC returned to
near normal control levels even in nephrons which had only
minor histological changes at the completion of study (the data
points distributed along the right hand portion of the bottom line
in Fig. I IB). Due to this tendency of reduction in POC to
precede the development of major glomerular structural dam-
age, the correlation between PGC and the glomerular pathol-
ogy at the time of sacrifice fell short of reaching statistical
significance.
Apart from this concern that pathological changes in the
glomerular architecture may lead to changes in some of the
glomerular hemodynamic patterns, the possibility of glomerular
function and structure having a causal relationship in a con-
verse manner was explored in our study. It was felt that if
development of hyperfiltration and/or high glomerular pressure
(or transmural pressure) has a direct and profound causal
impact on the subsequent development of glomerular sclerosis,
we would be able to detect a strong positive correlation
between maximum SNGFR and GC measured in early stages
versus later glomerular sclerosis index determined within the
same nephron among the highly heterogenous remnant glomer-
uli. As discussed in the Results section, however, we found no
tendency of early SNGFR or PGC values to positively correlate
with the degree of sclerosis examined at the completion of
study. Moreover, in some nephrons, which developed a typical
marked elevation in glomerular capillary pressure initially, GC
then returned to near-normal level before any discernible
degree of glomerular sclerosis developed (Fig. 11 B). These
observations can be interpreted as follows: Glomerular hyper-
filtration and hypertension may play no direct role in glomerular
sclerosis. However, if these hemodynamic changes do play a
role in leading to glomerular sclerosis, either there must be a
marked heterogeneity among nephrons in their glomerular
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susceptibility to resulting injury, or the role of glomerular
hyperfiltration and hypertension in injury would be primarily to
act as an early trigger for subsequent series of pathologic
processes occurring within the glomerulus. The contention that
causal impact of high glomerular filtration and/or pressure, if
any, on the glomerular structure can operate only at the very
early stage is based not only on the observed reduction in these
two parameters toward the end of the study, but also on the
trend that development of glomerular sclerosis involved dimi-
nution of these functional parameters. That is, if high glomer-
ular filtration and/or pressure exert an injurious effect on
glomerular structure throughout the entire process of glomeru-
lar architectural destruction, the diminution of SNGFR and GC
subsequent to such structural changes should act as a self-
protective mechanism. Under the presence of such a negative
feedback system, one may not expect to find a remarkable
internephron heterogeneity in glomerular structure as we found
at the end of the study.
Aside from the issue regarding the role of high GC and
SNGFR in the progressive glomerular destruction in the animal
model we studied, it is important to recognize the possibility
that the glomerular destruction of many forms of human chronic
renal diseases may not involve stages of glomerular hyperfiltra-
tion or hypertension. The readers may recall that the animal
model of subtotal renal ablation was developed to simulate a
hypothetical highly-localized injury which was presumed to
occur at the initial stage of progressive renal failure [8]. This
assumption was based on the frequent histological findings that
kidneys with chronic disease are characterized by marked
nephron-to-nephron heterogeneity. However, such a heteroge-
nous lesion with focal glomerular sclerosis can be induced
experimentally by initially insulting all nephrons non-selectiv-
ely. Bolus systemic injections in animals of puromycin amino-
nucleoside (PAN) [23] and adriamycin [241, which are known to
acutely cause glomerular epithelial cell injuries indistinguish-
able histologically and biochemically from human minimal
change glomerulopathy [25, 26], have recently been shown to
induce focal glomerular sclerotic lesions many weeks later. Of
note, evidence for hyperfiltration was noted to be lacking in one
of these models [27], and in the other, PGC and SNGFR
progressively fell in sclerosing glomeruli [28].
Refocusing on the glomerular destruction in the remnant
nephron model we can find in the literature several potential
biological processes that, by acting as pathophysiologic mech-
anisms consequent to, or independent of, glomerular hyperfil-
tration and hypertension, may account for the observed devel-
opment of marked structural interglomerular heterogeneity in
remnant nephrons. In studies of several experimental models
including nephrectomized rats, a positive correlation has been
shown between the amount of macromolecules taken up by the
mesangium in the early stage of disease and subsequent devel-
opment of glomerular sclerosis [11, 291.
Alterations in glomerular epithelial cells are also known to
precede glomerular sclerosis [10, 12, 24, 30, 311. in chronically
PAN-treated rats effacement of epithelial foot processes pre-
ceded major histological changes in the mesangium and protein-
uria was closely associated with the loss of fixed anionic charge
[30, 32]. The importance of epithelial cell injury is also sup-
ported by in vitro observations, and it can be speculated that
the epithelial cell injury may underlie development of major
changes in mesangial structure [33, 34].
Intraglomerular coagulation is another factor considered to
be involved in the development of glomerular sclerosis [35—40].
Aggregation of platelets as a result of glomerular capillary
endothelial injury [35] may cause release of platelet products,
such as platelet-derived growth factor, which, in turn, may
stimulate proliferation of mesangial cells and production of
mesangial matrix [36].
In summary, subtotal nephrectomy, which experimentally
simulates the hypothetical reduction in nephron population
(step I'm Fig. I), caused marked elevation in both SNGFR and
PGC (step 2') and, subsequently, led to the destruction of intact
nephrons (step 5'), Structural damage was accompanied by
functional deterioration (step 4). The functional deterioration of
some glomeruli was accompanied by augmentation of the
function of other glomeruli (step 2). However, in all nephrons
studied, the degree of early glomerular hyperfiltration or hyper-
tension did not correlate with the extent of subsequent struc-
tural damage. Thus, causal linkage between early glomerular
functional pattern for SNGFR and PGC and late structural
damage (step 3) appears to be tenuous. These observations
warrant future investigation into pathophysiologic mechanisms
which determine the progressive glomerular structural damage
that often characterizes chronic renal disease, other than, or in
addition to, glomerular hyperfiltration and hypertension.
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